Traffic noise is an established risk factor for some cardiovascular diseases such as hypertension and ischaemic heart disease, but the evidence regarding stroke is still limited. In this study we aimed to systematically review the related epidemiological data and make a meta-analysis of the risk of stroke morbidity associated with road and air traffic noise exposure. We searched articles in English, Spanish, and Russian indexed in MEDLINE, EMBASE, and Google Scholar on 24 November 2015. Qualitative synthesis was made for 13 studies, and 11 studies were included in quality effects meta-analyses. Overall, they were of high quality. Based on six studies (n≈8,790,671 participants) for road traffic noise, we found a pooled relative risk (RR) of stroke per 10 dB to be 1.01 (95 % CI: 0.96, 1.06). In the 70-75 dB noise range (versus <55 dB) RR increased to 1.29 (95 % CI: 0.74, 2.24). For air traffic noise we pooled five studies (n≈16,132,075 participants) and the RR per 10 dB was1.01 (95 % CI: 1.00, 1.02). Road traffic group showed high heterogeneity whereas the air traffic group had none. Both groups showed evidence of publication bias. In conclusion, we have established a small but elevated risk of stroke to be associated with both road and air traffic noise exposure, but the association was statistically significant only with the latter. The effect of road traffic noise followed a non-linear trend.
Traffic noise is already a recognised risk factor for cardiovascular disease (1) . It acts as a general environmental stressor, adversely affecting the neuroendocrine system and sleep architecture, which ultimately leads to increased levels of plasma catecholamine and cortisol, impaired carbohydrate and lipid metabolism, and increase in blood pressure and vascular reactivity (2) . Meta-analyses have found that the pooled risk of ischaemic heart disease is 1.04 (95 % CI: 1.00, 1.10) per 10 dB increase in road traffic day-eveningnight sound level (L den ) and 1.06 (95 % CI: 1.04, 1.08) per 10 dB increase in air traffic L den (3) . With respect to the air traffic noise, the odds ratio (OR) for the exposed population to develop hypertension is 1.63 (95 % CI: 1.14, 2.33) (4). Burden-of-disease analyses have shown that traffic-noiseattributed myocardial infarction is associated with 61 000 disability-adjusted life-years in Western Europe (5) .
Stroke can be defined as central nervous system infarction or cell death attributed to ischaemia or intracerebral/subarachnoid haemorrhage (6) . It is a leading mortality cause worldwide associated with considerable social and economic costs (7, 8) . The number of stroke victims has increased in the past twenty years, with most of the burden in middle-to-low income countries and an alarming rise in stroke morbidity and mortality in young people and even children (9) . However, little is known about the effects of traffic noise on the risk of stroke (2) . This would be particularly important, given that some studies point towards an increased risk (10, 11) , whereas others show little or no effect (12, 13) . Quantitative risk data are necessary not only to delineate the effect of noise on this specific cardiovascular outcome but also to assess the burden of disease associated with it. As far as we are aware, there has been only one ad-hoc attempt to quantitatively synthetize the results from primary studies (14) , and it estimated a pooled relative risk (RR) per 10 dB of 1.04 (95 % CI: 1.00, 1.09) (14) . However, the validity of this finding is uncertain.
Therefore, in this study we aimed to systematically review the epidemiological data and to run a meta-analysis on the risk of stroke associated with exposure to noise from road and air traffic.
MATERIALS AND METHODS

Systematic review
Search strategy
Our systematic review and meta-analysis followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (15) and the Metaanalysis of Observational Studies in Epidemiology (MOOSE) statement (16) . The research question was defined as the exposure-response relationship between traffic noise exposure (road and air traffic) and the risk of stroke. Railway noise was not considered for this review. We developed an a priori review protocol and data extraction forms.
Two independent electronic searches were carried out in MEDLINE (PubMed), EMBASE (ScienceDirect), and the Internet (Google Scholar) on 24 November 2015. The search string included the following free-term keywords in different combinations: stroke, cerebrovascular, road traffic noise, aircraft noise. Language restrictions were English, Spanish, and Russian. Articles were screened on three levels: titles, abstracts, and full-texts.
Duplicate publications were excluded. Only peerreviewed epidemiological studies exploring the risk of stroke/cerebrovascular disease in adults associated with objectively measured traffic noise exposure were eligible. We excluded experimental studies, studies using selfreported exposure, and reviews. Authors and experts in the field were contacted in order to identify additional records. Hand-searching of the reference lists of included articles complemented the search.
Data extraction
Different estimates of the relative risk (e.g. hazard ratio, odds ratio, incidence rate ratio, mortality ratio) were considered for the meta-analysis, assuming that they were empirically similar enough to be pooled together (17, 18) . The outcome of interest was stroke or cerebrovascular disease and was assessed either objectively (ICD codes) or it was self-reported in a questionnaire. If possible, we extracted morbidity estimates but, for studies reporting only mortality estimates, those were taken as a conservative proxy for risk of morbidity. Studies analysing a summary health outcome (stroke + other cardiovascular disease) were not included in the meta-analysis. Studies using combined traffic noise exposure indicator were also excluded from it. Risks were generally extracted for the fully adjusted models. In some cases educated choice was done; for example from the Evrard et al. study (19) we took the risk adjusted for NO 2 instead of PM 2.5 (to ensure comparability with other studies). From cohort studies we extracted data for the longest follow-up. When results had been stratified by age, such as in Sørensen et al. (20) , we included both age groups in the meta-analysis, if no summary result for all age groups had been reported. The selected noise indicator was L den , but when it was not available we extracted data associated with daytime noise exposure to achieve uniformity across studies. The only extracted estimate associated with nighttime noise exposure (L night ) was that from Hoffmann et al. (21) , who did not report results for daytime noise, but, given the high correlation between daytime and night-time traffic flow and noise, this is not a problem in linear trend estimation (12) .
Quality assessment
The methodological quality of each study included in the qualitative synthesis was rated according to the a priori criteria listed in Appendix 1. They were developed based on a previously used protocol (22) and expert discussions.
Meta-analysis
Studies selected for quantitative synthesis were allocated into two groups: road and air traffic exposure. In the road traffic group two types of risks were used and meta-analysed: linear trend of risk per 10 dB increase in noise exposure and categorical risk in the range 50-75 dB (reference <55 dB). In the air traffic group we pooled only the trend of risk per 10 dB.
For the trend meta-analysis we either used already reported estimates per 10 dB or transformed the categorical risks. When the number of stroke cases and the size of the total population in each exposure group were reported in addition to the risk estimates (10, 23), we used the generalised least squares (STATA "glst") (24) , as previously done by Babisch (1) and Vienneau et al. (3) . When only the risk estimates for each category were available, we instead used the variance-weighted least squares command (STATA "vwls") (24) , employed by Vienneau et al. (3) . To estimate the trend per 10 dB for Hoffmann et al. (21) , we used the exponential approximation proposed by van Kempen et al. (25) , assuming that the difference in compared exposure categories was 26 dB. Command lines for "glst" and "vwls" are shown below:
Trend estimation without correction for covariance of risk estimates ("vwls") gen double logRR=log(RR) gen double loglci=log(lci) gen double loguci=log(uci) gen double logse=((loguci -loglci)/(2*invnorm(.975))) vwls logRR Noise, noconstant sd(logse) lincom Noise*10, eform where "log" is natural logarithm; "RR" is the risk estimate in exposure category; "lci" is the lower limit of the confidence interval of the risk estimate; "uci" is the upper limit of the confidence interval of the risk estimate; "logse" is the standard error of the log-transformed risk estimate; and "Noise" is the midpoint of exposure category. Note that the reference exposure level was omitted from the trend estimation because it had a standard error of zero! Trend estimation with correction for covariance of risk estimates ("glst") gen double logRR=log(RR) gen double loglci=log(lci) gen double loguci=log(uci) gen double logse=((loguci -loglci)/(2*invnorm(.975))) glst logRR Noise, se (logse) cov (N Cases) ci lincom Noise*10, eform where "N" is the total number of cases in the exposure category and "Cases" is the number of stroke cases. The reference exposure level was set to 0 dB to comply with the algorithm! For dichotomous comparisons, we used the following exponential approximation formula (25) :
RR per 10 dB =log(RR)*(10/ΔdB), logse=(log(uci)-log(lci)/3.92)*(10/ΔdB), 95 % CI for RR per 10 dB= exp(logRR ± 1.96*logse) where "ΔdB" is the difference in noise levels between the exposed and the reference group.
The range of open-ended categories was assumed to be the same as that of the adjacent category, and the exposure level in them was fixed at the midpoint when applying transformations (e.g., 55-60 dB and >60 dB → 55-60 dB and 62.5 dB). Noise indicators were entered in the analyses after conversion to L den using the following approximations: L Aeq,16h +2 dB, L dn +0.3 dB (1, 3). However, when the effect was already reported per 10 dB, noise indicators were not transformed to L den because it would not affect the risk estimate.
Even so, transforming categorical to linear trend estimates loses some information. This is why we also conducted a categorical meta-analysis using only high quality studies (with fewer sources of bias) reporting categorical risks. Categories for the pooled results were delineated as follows: <55 dB (reference), 55-60 dB, 60-65 dB, 65-70 dB, and 70-75 dB. After converting the exposure levels from each study to the L den metric, we pooled together the estimates for each of the five exposure categories. Finally, we plotted the pooled risks from each category against its midpoint (e.g. 55-60 dB → 57.5 dB) and compared linear, quadratic, and cubic polynomials through the data points to select the best fitting function. For the reference category (<55 dB), a value of 52.5 dB was assigned.
For the meta-analysis we preferred the quality-effects model (26, 27) over the random-effects model, as the latter underestimates the error of the effects and may produce spuriously significant results (28) . The quality-effects model uses an artificial quality index (Qi) to correct for studyspecific information about its methodological rigor and thus give more weight to studies with higher quality (fewer sources of bias). We used the quality score for each study as input to generate the Qi. For comparison, we also report results from the random-effect model. Doi plots were used to check for possible publication bias, as they are more sensitive than the funnel plots (29) . A symmetrical mountain-like plot with Luis Furuya-Kanamori (LFK) index <|1| indicates no asymmetry; LFK index between |1| and |2| suggests minor asymmetry; and LFK index >|2| suggests major asymmetry (29) . Statistical heterogeneity can be suspected when Cochran's Q is significant at p<0.1, I
2 is >30 %, and/or tau-squared is >1.
For the meta-analyses we used MetaXL v. 3.1 (EpiGear International Pty Ltd, Sunrise Beach, Queensland, Australia).
RESULTS
Literature search results
We identified 18 records in PubMed, 182 in ScienceDirect, 3,040 in Google Scholar, and three from the reference lists of the reviews we consulted. The study of Babisch et al. (23) was identified through Google Scholar and missed by the other search engines. Having removed duplicates and applied stroke and traffic noise exposure filters, we screened the titles of the remaining 3,062 records. Twenty-three of the 43 abstracts were excluded. Twenty full-texts were read and seven excluded because they were either irrelevant to the research question or contained no useful data regarding the relationship between traffic noise and stroke. No additional articles were retrieved after handsearching the reference lists of already included articles. Figure 1 shows the flow diagram of the searches.
Road traffic noise
Qualitative synthesis
All the seven studies included in this group (See Table  1 (12, 21, 31, 32) , two were crosssectional (23, 30) , and one was ecological (using aggregate data) (10) . The average follow-up in the cohort studies was around 10 years.
Sample sizes ranged from 2,512 (23) (12, 31, 32) , one used L Aeq,24h (30) , two used L Aeq,16h (10, 23) , and one used L night (21) . All four cohort studies fitted the Cox proportional hazards model to study the risk of stroke (12, 21, 31, 32 
M-male, F-female, A-age, G-gender, S-smoking, SES-socio-economic status, BMI-body mass index, TI-traffic intensity, BS-black smoke, E-education, Eth-ethnicity, AN-aircraft noise, PM
Meta-analysis
The meta-analysis was based on the most comparable effect sizes. Appendix 2 reports the input data for linear trend estimation. Figure 2 presents a forest plot of the risk (12) increased from 6.6 % to 37.6 %.
Results from sensitivity analysis, shown in Table 2 , reveal that, upon exclusion of most studies one-at-a-time, the pooled effect remained unchanged but the study of Halonen et al. (10) was driving the effect, which dropped <1.00 when it was excluded. If only cohort studies were pooled (three studies), the relative risk would be 0.99 (95 % CI: 0.81, 1.20) . If the analysis was limited to studies originally reporting linear trend estimates per 10 dB (three studies), the relative risk would be 1.15 (95 % CI: 1.05, 1.25). Figure 4 shows individual study risks included in the categorical meta-analysis (see Appendix 3 for risk estimates).
The pooled categorical risk is given in Figure 5 . Because the reference category <55 dB represented a wide range of exposure levels below 55 dB, we tested the function in several scenarios, changing the reference exposure level from 47.5 to 50, and finally to 52.5 dB, and found only a marginal impact on the slope or the coefficient of determination.
Air traffic noise
Qualitative synthesis
Five studies were included in this group. Three of those were ecological (11, 19, 33) , one cross-sectional (30) , and one cohort (13) . The only non-European study was that of Correia et al. (33) , as it was carried out in the United States. Sample sizes ranged from 4,712 (30) to 6 million (33) people. All samples included men and women, and that of Correia et al. (33) was limited to the elderly (≥65 years).
Only Correia et al. (33) defined the outcome as cerebrovascular events, while the rest specified it as types of stroke. Only Floud et al. (30) used self-reported doctor diagnosis. Two of the studies examined the risk of stroke mortality (13, 19) . All studies assessed noise exposure objectively through validated models. Selected indicators were L den (19) , L dn (13, 33) , and L Aeq,16h (11, 30) . Ecological studies analysed their data with Poisson regression; Huss et al. (13) used Cox proportional hazards model; and Floud et al. (30) used logistic regression. Adjustments were made for key demographics, but some important individual-level factors could not be measured in the ecological studies. All studies were of high quality, with Evrard et al. (19) scoring the top 37 of 42 points. All found some increase in the risk of stroke with increasing exposure, ranging from 1.001 (95% CI: 0.99, 1.01) (13) to 1.08 (95% CI: 0.82, 1.41) (19) . Evrard et al. reported elevated risk in men (MRR=1.10, 95 % CI: 0.90, 1.33) but not in women (MRR=1.00, 95 % CI: 0.85, 1.19) (19) . Some authors found lower risk of night-time in comparison to daytime noise (10), whereas others reported higher relative risk (1.29; 95 % CI: 1.14, 1.46) for L night >55 dB (11) and higher odds ratio per 10 dB L night (1.18; 95 % CI: 0.89, 1.57) (30) . All studies were included in quantitative synthesis. Figure 6 shows the results of the linear trend metaanalysis. The pooled effect was 1 % (0.2 %, 2 %) when the quality effects model was used. There was no heterogeneity (tau-squared=0.00, non-significant Cochran's Q at p=0.76, I 2= 0.00 %), but there was evidence of major asymmetry in the Doi plot (LFK >|2|) (Figure 7 ). When the random effects model was used, the effect remained virtually the same (RR=1.01; 95 % CI: 1.00, 1.01).
Meta-analysis
In sensitivity analysis the pooled risk remained unchanged upon exclusion of each study one-at-a-time (Table 3) . If only studies reporting stroke morbidity were analysed, the risk would remain unchanged (RR=1.01; 95 % 
Combined traffic noise
not differentiate between road and air traffic noise, we did not include in our meta-analysis.
DISCUSSION
Main findings
With respect to road traffic noise, the risk of stroke increased 1 % (95 % CI: -4 %, 6 %) with every 10 dB increase in L den . This finding was driven by the study of Halonen et al. (10) , because it included all London area residents. In categorical analysis we found non-linearity in the effect, and the pooled risk reached 29 % (-26 %, 24 %) in the category 70-75 dB. Overall, road traffic noise studies were methodologically heterogeneous, which may be expected to lead to differences in the observed effects.
As far as the air traffic noise is concerned, the pooled risk per 10 dB was also 1 % (95 % CI: 0.2 %, 2 %). However, these studies were more consistent in their effects and methodologies.
Even so, both groups showed gross asymmetry in the Doi plots as evidence of publication bias, which may be skewing the pooled results, if primary studies are being published selectively, depending on the effect they find.
For the only study using a combined traffic noise indicator (34), the overall effect was similar to those for road and air traffic noise. Previously Vienneau et al. (3) argued that ignoring the type of noise source might not be much of an issue because the pooled risks of ischemic heart disease in relation to road and air traffic noise were close. While we also found no difference in the pooled point estimates associated with either type of traffic noise, the precision of the estimates in our meta-analysis was higher for air traffic and there was no heterogeneity in that group. Therefore, we do not recommend combining studies investigating the effects of different noise sources, as the
Qualitative synthesis
Only one study was included in this group (34). Gan et al. used linked administrative health insurance databases to assemble this population-based cohort from Vancouver in Canada. People aged 45-85 years were enrolled and followed for four years. Data about stroke were obtained from death registry and cases were defined by ICD codes. The authors used CadnaA software to model L den for combined traffic noise (road, air, and railway) (34) .
The risk of stroke mortality per 10 dB increase in that study was 1.03 (95% CI: 0.91, 1.16). For ischaemic and haemorrhagic stroke, the risk was 1.02 (95% CI: 0.78, 1.33) and 1.14 (95% CI: 0.91, 1.44), respectively. The analysis relied on Cox regression, adjusted only for some important covariates, since the authors lacked individual-level questionnaire data (34) . This study received high-quality score (39 of 42 points), but since the exposure indicator did issues of heterogeneity and precision should not be taken lightly. Based on our findings, we contend that the risk of 4 % (96 % CI: 0 %, 9 %) per 10 dB reported by Houthuijs et al. (14) might be an overestimation.
Limitations
The first limitation of our systematic review and metaanalysis is that it should have included more studies to have sufficient power for subgroup analysis and formal publication bias tests. However, our meta-analysis included a greater number of studies than are usually included in this type of meta-analysis (35) and it also included a higher number of participants. After all, the meta-analysis that has served as the basis for ischemic heart disease burden of disease estimation in Europe also included but a few studies (36) . As for the environmental noise research, there are not enough studies to begin with, as it has only recently turned its focus to stroke as an endpoint.
Another issue might be pooling together different point estimates. This choice can be justified due to the empirical similarity of those estimates, especially given the small effect sizes and that there was only one study reporting odds ratio (which is the least conservative estimate), while the others employed Cox proportional hazards or Poisson regression models (17, 18) . Therefore those should be reasonable measures of the relative risk.
Taking the risk of stroke mortality as a proxy for the risk of morbidity makes the pooled effect conservative, as it ignores non-fatal cases. On the other hand, we included only one (out of six) mortality estimate in the road traffic group and two (out of five) in the air traffic group, and their exclusion did not affect the pooled risk. The same can be deduced from some studies reporting both morbidity and mortality risks (11); others, however, showed lower risk for noise-attributed stroke mortality than for noise-attributed stroke morbidity (10) . The same bias towards the null applies to the cerebrovascular disease when it is used as a proxy for stroke. Therefore the categorical risk, based on Beelen et al. (12) , who reported estimates for cerebrovascular disease mortality, is probably underestimated and conservative.
In line with Vienneau et al. (3), we found that studies originally reporting linear trend per 10 dB were associated with higher risk than those for which such a trend was derived by us. Estimating a linear trend per 10 dB from reported categorical risks is associated with information loss. While the generalised least squares approach was specifically designed for this purpose, the assumption of the variance-weighted least squares that the log relative risk estimates are independent is never confirmed in practice (24) . Even so, when the covariance matrix cannot be specified, the latter is an alternative (3). For studies reporting sufficient information (10, 23) we used generalised least squares but we also estimated the linear trend via variance-weighted least squares and found very similar results.
The categorical approach requires for the included studies to be similar in terms of exposure assessment, noise indicators, and reference levels and to be generally of high quality, because of which few studies are usually fit for this approach (37). This is why we should interpret it with caution. Furthermore, including the two subgroups of Sørensen et al. (20) in the categorical meta-analysis might violate the assumption of statistical independence and, although the subsamples do not share subjects, the fact that the investigators of these effects were the same implies some bias (38) . This choice was made only because Sørensen et al. (20) did not report combined categorical risk for the whole sample.
Finally, the high heterogeneity in the road traffic group and the considerable bias associated with some estimates (23) were addressed by using the quality effects model (28, 39) and by excluding Babisch et al. (23) from the categorical meta-analysis.
Future research
The results of this meta-analysis can be used for preliminary calculation of disease burden. However, in order to grow and strengthen the evidence of the exposureresponse relationship, additional studies with compatible methodologies need to be reported. Special emphasis should be put on the effect with regards to different types of stroke and comparable ICD definitions of the outcome.
Although ecological studies do provide the opportunity to analyse large samples, they lack control for some important individual and behavioural factors that might be confounding or moderating the effects of noise. Gender, age, and ethnic group stratification is also necessary in order to identify vulnerable subpopulations.
Furthermore, there is no evidence from middle-and low-income countries where both stroke incidence and traffic noise exposure are considerably higher than in Western Europe.
The effect of night-time noise has not been addressed sufficiently either. Studies should report both trend and categorical risk estimates to facilitate data meta-synthesis.
Finally, the issue of the publication bias should be addressed more carefully.
CONCLUSIONS
In conclusion, we found a small but elevated risk of stroke associated with both road and air traffic noise exposure, but it was statistically significant only for the latter. The effect of road traffic noise followed a non-linear trend. As soon as the results from other high-quality studies are published this exposure-response relationship should be updated and adjusted.
